Introduction
Measurements in macromolecular crystallography demand a high photon flux incident on the sample because of the weak diffraction often found from m_any crystals and because of the time needed to record ma~y rotations of the crystal. The samples themselves are usually small, typically a few hundred microns. The required angular resolution of the x-ray beam at the crystal is set by the need to resolve adjacent diffraction orders and is dependent on the
wavelength, the unit cell size, and the natural mosaicity of the sample. The product of the sample size and the required angular resolution sets the sample phase-space acceptance. A • typical acceptance is 1 mm·mrad, for exampale for a crystal size of 1/3 mm and an angular resolution of 3 mrad. Consideration of the sample requirements in this way allows us to design the source and optics to optimize the flux integrated within the acceptance phase space, 1 rather than optimizing parameters, such as angular flux density and central brightness, that are not directly related to the flux impinging on the sample within the allowed angular resolution.
In this paper, we describe the methods that have been used to optimize the wiggler source, based on integrating over a defined phase space area. Once the source has been optimized, the details of the source position and angle characteristics can be examined in detail by integration over the relevant parts of the two-dimensional phase-space distribution. This analysis yields, for example, the position distribution integrated over a selected angular range. This result is important to understand because a multipole wiggler is a long incoherent source, and the effects of the depth of field are manifested by highly non-gaussian phase-space distributions.
With a detailed understanding of the optical properties of the source, the op'tical arrangement can be designed in an optimum way. Another influence on the optical design is the type and operation of the detector. In a previous design study, we considered using three beamlines in a multiplexed manner (i.e., the three beamlines would share the same central aperture but would time-share access to the beam). The beamlines were based on two curved-crystal monochromators focusing light from the central axis at a high angle, followed on the same central axis by a double-crystal monochromator. The multiplexing was to have been accomplished by vertically inserting and retracting the two curved-crystal monochromators. The reason for this choice of operation was based on the readout time of the proposed imageplate detector system, which had a typical readout time of 5 minutes. It is expected that typical crystals will require less than 10 seconds of exposure per rotation, so that, with an image-plate system, there was clearly a mismatch between the readout and exposure times. A multiplexing system would increase the overall data collection efficiency of the three beamlines. However, CCD detector systems have now been developed to the point where they have significant performance advantages over image plates. Readout times for the latest CCD cameras are typically only a few seconds, and these cameras have excellent dynamic range and sensitivity [1] [2] [3] . Since this readout time is less than the typical single rotation exposure time, multiplexing is no longer a worthwhile option. Because we will now use stateof-the-art CCD detectors systems [4] , we have examined the possibility of using three beamlines operating in a simultaneous mode. The implications of doing this are examined in a later section of this paper and an optimum arrangement for the beamlines is described.
Optimization ~f the wiggler source
The first stage in the optimization of the wiggler source is to calculate its horizontal phasespace distribution. For wigglers in third-generation storage rings, the vertical phase-space area is much smaller than the sample phase-space acceptance and only the horizontal plane needs -tolfeconsiaeteO.:--'lli:e source-aeptnoroaaening of the vertical source size is relatively small, owing to the very small opening angle in the vertical plane at high photon energies.
The horizontal phase-space distribution is calculated by tracking the trajectory of an electron through the magnetic structure of the wiggler. Each point on the trajectory is characterized by local parameters: vertical field strength, position perpendicular to the central axis of the device, and tangential angle of the trajectory. With a knowledge of the local magnetic field and the machine electron energy, the flux radiated between adjacent points on the trajectory can be calculated. Because an optical system will usually focus to a fixed position of a device such as a slit, the position of the slit can be considered as being transformed back to the source. Clearly, to maximize the flux through the slit, the optical system will be designed to transform the slit position back to the longitudinal center of the source. The local emission coordinates of an electron can be transformed to this plane, and the flux radiated between adjacent points can be allocated to a pa!ticular position and angle space. At each point on the trajectory, a convolution over the position and angle distribution of the electron beam source is performed. The result for trackl.ng over the whole length of the wiggler is the phase-space distribution [5] [6] [7] . Fig. 1 shows such a distribution at an observation wavelength of 1 A for a 37-pole, 2-T wiggler with the ALS operating at 1.5 GeV. It can be seen that the distribution is highly nongaussian and that observation at angles off the optical axis will lead to a large apparent source size. The example shown here assumes a sinusoidal field, but in reality the fieldincludes higher harmonics that distort the trajectory. Therefore, we have calculated the actual field and trajectory to predict the effects of this distortion for a range of cases.
Having obtained the phase-space distribution, the flux integrated through a defined phase ~, space can be calculated. Although the phase-space area is defined, the aspect ratio defining the optical magnification of an imaging system is a free parameter that must be selected to maximize the flux integral. Having calculated the flux integral, the system can be optimized by altering the magnetic structure. For the protein-crystallography wiggler, the maximum length is defined by mechanical constraints to be 3 m; the minimum magnetic gap is defined by consideration of the dependence of the electron beam lifetime on vertical aperture to be 14 mm; but there is a free choice of the number of poles. Either a large number of weak-field poles or a smaller number of strong-field poles can be used. The model used to determine the relationship between the on-axis field and the gap-to-period ratio is that for a hybrid structure with vanadium permendur pole pieces and NdFeB magnets [8] . The result of changing the number of poles in our fixed-length wiggler, with a machine electron energy of 1.5 GeV and an observation wavelength of 1 A, is shown in Fig. 2 'for a range of phase-space areas. It can be seen that the peak flux occurs at 37 poles for typical phase-space acceptances near 1 mm·mrad. A full description of the wiggler can be found in [9] .
The resulting phase-space distribution can now be used to examine the detailed optical properties of the source. An example is shown in Fig. 3 , where the position distribution is shown for horizontal collection apertures of 3 mrad both for the on-axis position and for a position 3 mrad off-axis. In this case, a horizontal emittance of 10-8 m·rad was used, giving an electron beam size of 0.77 mm (FWHM). The apparent FWHM optical beam size, even for the on-axis case, has increased to 1.7 mm and, for the off-axis case, is severely broadened to 7.5 mm. This broadening is due to the depth of the source and the finite collection aperture. Viewing on-axis and collecting a vanishingly small aperture, we would see the actual electron beam size.
The phase-space method can also be used to examine the flux integrated in a certain phase space area for sources at different synchrotron facilities. This comparison has been done for several sources in order to extrapolate from known data-collection times for otherbeamlines to the case of the ALS, as well as to demonstrate that the ALS system will be fully competitive.
The results are shown in Table 1 . Extrapolating from the existing beamlines listed, we can be confident that our average data-collection time per typical rotation will be less than 10 seconds. Going much faster than this will lead to diminishing returns, owing to the finite readout time of our CCD detectors.
Beamline configuration
The optical characteristics of the central and side fans of radiation are clearly very different and different optical solutions have to be adopted in each case. Fig. 4 shows the layout for the 4 / the optical arrangement we have adopted. Three beamlines will be constructed, each taking 3 mrad of horizontal aperture. The central station will. be a conventional double-crystal arrangement with a vertically collimating pre-mirror and a double-focusing mirror after the monochromator. The first crystal will have a pin-post cooling arrangement. This beamline will be used for multiple-wavelength anomalous dispersion, and the main requirements for .. ·-the-monochromator·are-forhigh resolution witn rapia anarepeafa1Jle wavelength changing.
The focused light spot sizes at the sample collimator will be 1.0 and 0.4 mm in the horizontal and vertical directions, respectively.
The side stations will have a vertically focusing mirror followed by a curved-crystal monochromator. This arrangement is based on the commonly used geometry introduced by Lemonnier et al. [10] and developed by many groups [for example, see references 11 and 12 and references in 13]. The curved-crystal monochromators will be identical and will have an asymmetric-cut arrangement with a nominal compression factor of 10. As the wavelength is changed, however, the required crystal radius will change, as will the image position, to stay at the Guinier position. To obtain a reasonably small change of image distance over the design wavelength of 1.5 to 0.95 A, three crystals will be used with asymmetry angles from 7.5 to 10.6 degrees for Si(111). With a source distance of 14.1 m, the image distance will vary from 1.04 to 2.0 m around its nominal value of 1.4 m. The pre-mirrors will be located inside the shield wall at 10.6 m from the source and will give a variable demagnification from 2.2:1 to 1.7:1 to cover this focal plane movement. The extended horizontal source will be demagnified to around 0.75 mm at the center of the wavelength range for each asymmetric cut. In the vertical direction, the electron beam size at a nominal vertical emittance of 1o-9 m·rad will be 0.15 mm (FWHM), but will be increased by the source-depth effect at 1 A wavelength to 0.25 mm (FWHM). At the nominal demagnification of 2.1:1, the spherical aberration of the mirror will increase the geometrical image size slightly to 0.15 mm (FWHM).
The M1 and M2 mirrors will be housed in a common vacuum t~k, as will the curved-crystal monochromators C1 and C2. As beam for the central station passes between the two side stations, it is important that the M1 and M2 mirrors be usable almost up to their edges in the lateral direction and that the mirror bending be actuated from the ends and back so that no part of the central beam is obscured. For the same reason, the beam from the two curved crystals crosses over so that the bending mechanisms are on the outside of the beam fan. As stated in the previous section, the apparent beam size in the on-axis position (collecting 3 mrad) is 1.7 mm ·((FWHM), considerably smaller than in the sidestation positions, so provision has been made to translate either of the side stations into the central-station position for experiments that require the highest brightness. This movement will obscure the central station position .. In this case, taking into account optical, aberrations, the demagnification and the angular dispersion of the diffracted beam [10] , the horizontal image size will be 0.3 mm (FWHM).
Project Status.
Construction of the wiggler has started and is expected to be completed in October 1995. The mechanical design of key parts of the beamline, such as the high-power curved-crystal monochromator, has also started, and prototypes will be produced over the next six-month· period. The power radiated by the wiggler into each 3-mrad aperture will be around 2.6 KW. From examination of other high power beamlines with similar characteristics (for example X25 at NSLS, [14, 15] ), we have been able to determine that there are many techniques that have been successfully applied to optical systems to preserve the source brightness. We are confident that similar methods, together with thorough finite-element thermal calculations, will allow us to overcome the high heat-load problems on this beamline. Funding of the beamline (total capital cost $8.8 million) is expected in October 1994; first beam into one of the side station lines will be in May 1996; and completion of the project will be in May 1997. The construction of a support laboratory for structural biology has been funded ($7.9 million); the laboratory will be completed by September 1995 and fully equipped by September 1996.
Figure Captions

Fig.l
Horizontal phase-space diagram for a 37-pole wiggler with a peak on-axis field of 2T and a period 16 em. The electron beam energy is 1.5 GeV and the observation wavelength is 1 A.
The horizontal electron beam size is 0.77 mm (FWHM)
Fig. 2
The variation in wiggler flux at 1A integrated into phase-space areas from 0.25 to 8.0 mm·mrad as a function of the number of poles in a fixed length of 3m. The assumed magnetic gap is 14 mm.
Fig. 3
The apparent horizontal source size for collection apertures of 3 mrad for the on-axis position (a) and for a position with a center line 3 mrad off axis (b).
Fig. 4
Optical configuration of the beamline showing two identical curved-crystal monochromator side stations arid a central double-crystal monochromator for multiple-wavelength anomalous dispersion measurements. . Table 1 
